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The  electrochemical  properties  of layer-structured  Hx(Ni1/3Co1/3Mn1/3)O2 were  examined  for  the  ﬁrst
time  to evaluate  its use  as  an  electrode  for an  electrochemical  capacitor  in  alkaline  aqueous  solutions.
The  protonated  Hx(Ni1/3Co1/3Mn1/3)O2 (HNCM)  was  prepared  by  reacting  Li(Ni1/3Co1/3Mn1/3)O2 (LNCM)
with  an  HCl  aqueous  solution.  The  HNCM  exhibited  a large  capacitance  of  720 F  g−1 (290 mAh g−1,  −1 to
−1eywords:
Ni, Co, Mn)  oxides
lkaline aqueous solutions
nergy storage devices
lectrochemical capacitors
0.45  V vs.  Hg/HgO)  at a current  density  of  50 mA  g in  8  M KOH  aqueous  solution,  which  is the  highest
level for the  bulk  electrodes  in  aqueous  solutions.  High  power  density,  that is  a capacitance  of 560  F g−1
at  a large  current  density  of  1500  mA  g−1, was  also conﬁrmed.  The  HNCM  exhibited  good  cycle  stability,
especially  in 1 M  KOH  aqueous  solution.  The  HNCM  was  found  to be a promising  electrode  material  for
electrochemical  capacitors  because  of  its  large  capacitance,  high  cycle  stability,  and  high rate capability.
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o. Introduction
There is a great demand for energy storage devices with high
ower density and high energy density, especially for electric or
ybrid vehicles. Electrochemical capacitors have attracted much
ttentions as such devices because of their high power density,
ong cycle life and relatively high energy density [1–4]. Electric
nergy is stored using both capacitive and pseudocapacitive pro-
esses in electrochemical capacitors. The pseudocapacitive process
s based on Faradaic redox reactions taking place at the surface of
he active electrode materials, and the generated charge density is
uch larger than that of the capacitive process based on charge sep-
ration at the electrode/solution interface. To enhance the Faradaic
edox reactions, many studies have been conducted to use oxide
aterial electrodes for electrochemical capacitors. Among them,
uthenium oxide is the representative electrode material and has
een reported to exhibit a large capacitance up to 1580 F g−1 in∗ Corresponding author. Tel.: +81 354525037.
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he case of quite thin ﬁlms in aqueous electrolyte [5–8]. However,
ince ruthenium oxide is not naturally abundant, alternative mate-
ials are demanded. Many studies have also been done for MnO2
s a cathode for electrochemical capacitors [9–17]. There are many
dvantages of using MnO2 compounds, such as their low toxicity,
nvironmental safety, cost effectiveness and large capacitance. A
arge reversible capacitance is expected for MnO2 because Mn  ions
ake various oxidation states between Mn2+ and Mn4+ within the
otential window of aqueous electrolytes. One strategy for taking
dvantage of the two-electron redox reactions of MnO2 is to use an
lkaline aqueous solution, because Mn2+ can exist in a solid form
uch as Mn(OH)2 in an alkaline system [18,19]. Although good elec-
rode properties can be expected for MnO2 in an alkaline system,
ffective usage of the redox reaction between Mn4+/Mn2+ has not
een achieved because of the low ionic conductivity, low electric
onductivity, and rapid capacitance decay caused by the formation
f Mn3O4 during reduction from MnOOH to Mn(OH)2 [17,20].
Here, we focus on a layer-structured (Ni, Co, Mn)  oxide as an
lectrode material for electrochemical capacitors. Many studies on
he electrode properties of the layer-structured (Ni, Co, Mn)  oxides
s cathodes for Li-ion batteries have been reported [21,29], and
xcellent electrochemical properties have been reported such as
arge capacity of approximately 150–190 mAh  g−1 (284–360 F g−1,
.5–4.4 V vs. Li/Li+) with a high cycle stability and improved elec-
ric conductivity by Co-doping [21,22]. On the other hand, there
as been no report on the electrode properties or proton storage
echanism of this material in an aqueous solution.
In the present study, we  report the electrode properties of layer-
tructured Hx(Ni1/3Co1/3Mn1/3)O2 for the ﬁrst time to evaluate its
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(a) Li0.96(Ni0.33Co0.32Mn0.35)O2 
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se as an electrode material for electrochemical capacitors in an
lkaline system. Li(Ni1/3Co1/3Mn1/3)O2 (LNCM) was prepared using
 co-precipitation method, and protonated Hx(Ni1/3Co1/3Mn1/3)O2
HNCM) was prepared by reacting LNCM with an HCl aqueous solu-
ion. Various evaluations of the HNCM were conducted in order to
larify its electrochemical properties and charge/discharge mech-
nism in alkaline aqueous solutions.
. Experimental
Layer-structured Li(Ni1/3Co1/3Mn1/3)O2 (LNCM) was synthe-
ized using a co-precipitation method [23]. Aqueous solutions
f NiSO4, CoSO4, and MnSO4 (Ni:Co:Mn = 1:1:1) with a total
oncentration of 2.0 M were added into a continuously stirred
eactor under an argon atmosphere. At the same time, an NaOH
queous solution of 2.0 M as a pH conditioner and an NH4OH
queous solution (metal ion:NH4OH = 1:1) as a chelating agent
ere also separately added into the reactor. The co-precipitated
articles were kept stirring for 80 ◦C for 12 h. The pH dur-
ng the co-precipitation reaction was kept to 12. The obtained
Ni1/3Co1/3Mn1/3)(OH)2 particles were ﬁltered, washed, and dried
t 80 ◦C in a vacuum for 2 h. Then, the LiOH·H2O powders were
ixed and calcined. The mixture was ﬁrst heated at 480 ◦C for 5 h
n air and was calcined at 1000 ◦C for 10 h in air to obtain the LNCM
owders. The interlayer lithium was exchanged with protons by
tirring the LNCM in a 1 M HCl aqueous solution at room tempera-
ure for 5 days, during which the HCl solution was  refreshed every
ay. The powders were ﬁltered, washed with pure water, and dried
t 80 ◦C for 2 h to obtain the Hx(Ni1/3Co1/3Mn1/3)O2 (HNCM).
The LNCM and HNCM electrodes were prepared by mixing the
ctive material (LNCM or HNCM), acetylene black, and PTFE with a
eight ratio of 5:5:1 and pressing the mixture onto a Ti mesh with
 loading of 5 mg  cm−2. The electrochemical measurements were
erformed using a three-electrode cell with an Hg/HgO electrode
s the reference electrode and a Pt mesh as the counter electrode.
OH aqueous solutions with concentrations of 1 or 8 M were used
s electrolytes.
The crystal structures of the samples were conﬁrmed by
erforming X-ray diffraction (XRD) analysis using a Bruker D8
DVANCE. The morphologies of samples were observed by per-
orming scanning electron microscopy (SEM) with a Hitachi S-4500
nd a Hitachi SU 8000. The chemical compositions of the LNCM and
NCM were determined by performing inductively coupled plasma
ICP) atomic emission spectrometry with a Hitachi High-Tech Sci-
nce SPS3100. The galvanostatic charge and discharge tests and
yclic voltammetry tests were carried out using a Solartron 1470E
ell-Test system, a Hokuto Denko HZ-3000 system, and a BioLogic
MP3.
. Results and discussion
Microstructures of the obtained powders were conﬁrmed by
RD measurements, ICP analyses, and SEM observations. Fig. 1
hows the XRD patterns for (a) Li(Ni1/3Co1/3Mn1/3)O2 (LNCM) and
b) proton-exchanged Hx(Ni1/3Co1/3Mn1/3) (HNCM) along with (c)
he ICSD data for Li(Ni1/3Co1/3Mn1/3)O2. The chemical composi-
ions listed in the ﬁgure were obtained form the ICP analysis.
he amount of interlayer lithium ions was successfully decreased
fter the ion-exchange reaction. The LNCM and HNCM patterns
howed good agreement with the ICSD data. Single-phase LNCM
as successfully obtained, and no phase change was observed
or the HNCM. Fig. 2 shows SEM images of (a) LNCM and (b)
roton-exchanged HNCM. Both the LNCM and HNCM were made
p of polygonal particles with sizes of 500 nm to 2 m.  No major
C
g
o
oig. 1. X-ray diffraction (XRD) patterns for (a) LNCM and (b) HNCM along with (c)
CSD data for Li(Ni1/3Co1/3Mn1/3)O2.
orphological change was  observed after the ion-exchange reac-
ion. These results conﬁrm that the ion-exchange reaction did not
ause any changes in phase or morphology.
A total energy stored in electrodes for electrochemical capaci-
ors can be separated into (1) a non-Faradaic contribution from the
urface double layer capacitance, (2) a Faradaic contribution from
he surface charge transfer process, and (3) a Faradaic contribu-
ion from the insertion reaction into the bulk of the active material
15,16,30]. The ﬁrst non-Faradaic process uses fast charge storage
hrough an electric double layer at the surface of the electrode and
he charge density is as small as 16–50 C cm−2 using. The second
urface Faradaic contribution is based on the adsorption of alkali
etal cations in the electrolyte on the surface of the active material.
he ﬁrst two  surface contributions cannot be separated, of which
he speciﬁc capacitance in cyclic voltammetry tests is independent
f scanning rate or reaction potential. On the other hand, the third
ulk reaction is based on an insertion reaction of protons (H+) or
lkali metal cations into the lattice of the materials, which usually
as a speciﬁc reaction potential and large current peak in a cyclic
oltammogram (CV).
In an alkaline solution system, the following proton insertion
rocess into metal oxides, MeO2, has been proposed [31–33]. In the
rst step, an electron from the external circuit is inserted into MeO2
o reduce Me4+ to Me3+. In the next step, in order to maintain the
harge balance, a water molecule present at the MeO2/electrolyte
nterface is decomposed into a proton, which is inserted into the
attice of the MeO2, and an OH− ion, which diffuses from the inter-
ace to the electrolyte. The reduction of Me3+ to Me2+ occurs in the
ame way.
The electrochemical properties of the LNCM and HNCM were
xamined using cyclic voltammetry tests and constant current
harge/discharge tests. Fig. 3 shows CVs of the LNCM and HNCM
n 8 M KOH aqueous solutions taken at a sweep rate of 0.1 mV  s−1.
he redox peaks were observed at the same potentials for both
NCM and HNCM, although the HNCM exhibited a much larger
edox current than the LNCM. This suggests that the interlayer
rotons play an important role in the redox reaction. The redox
otentials suggested that the Ni3+/Ni2+, Co3+/Co2+, and Mn4+/Mn2+
edox reactions took place at the same potentials as Ni, Co, and Mn
xides/hydroxides [20,34,35]. Nearly no current for the reduction
f Co3+ to Co2+ was observed. This suggests that Co3+ was reduced
t the reduction potential of the Mn4+/Mn2+. Only the Ni4+/Ni2+, and
4+ 3+o /Co redox reactions have been reported in previous investi-
ations of the Li insertion/extraction reactions occurring in LNCM in
rganic electrolyte systems [24–26], and there has been no report
f these Co3+/Co2+ and Mn4+/Mn2+ redox reactions observed in the
M. Yano et al. / Journal of Asian Ceramic Societies 1 (2013) 71–76 73
Fig. 2. Scanning electron microscopy (SEM) images of (a) LNCM and (b) HNCM.
F
T
C
u
a
w
a
s
t
w
T
F
d
100 1000
0
200
400
600
800
g
F
/
e
c
n
ati
c
a
p
ac
cifi
c
e
p
S
-1
Current density / mA g-1
F
v
−
c
(
[
c
(
o
1
d
cig. 3. Cyclic voltammograms for LNCM and HNCM in 8 M KOH aqueous solution.
he sweep rate was  0.1 mV s−1.
V here. The Co3+/Co2+ and Mn4+/Mn2+ redox reactions are thus
nique to HNCM in an aqueous system.
Fig. 4 shows charge/discharge curves for HNCM in 8 M KOH
queous solution at a current density of 300 mA  g−1. Two  plateaus
ere clearly observed for the discharge curve. The higher plateau at
round 0.2 V and the lower plateau at around −0.4 V seem to corre-
pond to the reduction of Ni3+/Ni2+ and Mn4+/Mn2+, respectively. In
he charge curves, the oxidation reaction started at around −0.4 V,
hich is the oxidation potential of Mn2+.
The rate capability of HNCM in 8 M KOH is shown in Fig. 5.
he HNCM exhibited a large capacitance of 720 F g−1 (290 mAh  g−1,
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0ig. 5. Rate capabilities for HNCM in 8 M KOH. The potential range was −1 to 0.45 V
s. Hg/HgO.
1 to 0.45 V vs. Hg/HgO) at a current density of 50 mA  g−1. This
apacitance is as large as those of an Ni(OH)2/carbon composite
287 mAh  g−1) [36], or powder RuO2 in 0.5 M H2SO4 (768 F g−1)
5]. Furthermore, this capacitance is larger than those of non-
omposite powder Ni(OH)2 (232 mAh  g−1) [34] and Co(OH)2
341 F g−1) [37] in alkaline aqueous solutions. A large capacitance
f 560 F g−1 was  maintained even at a high current density of
500 mA g−1. The high electric conductivity [21,22] and fast ion
iffusion due to the high concentration of electrolyte also seem to
ontribute to the good rate capability.Fig. 6 shows the cycle stabilities of LNCM and HNCM at a
urrent density of 300 mA  g−1. LNCM exhibited excellent cycle sta-
ility, although a small capacitance of approximately 75 F g−1 was
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ig. 6. Cycle stabilities for (a) LNCM in 8 M KOH, (b) HNCM in 1 M KOH  and (c) HNCM
n  8 M KOH at a current density of 300 mA g−1. The potential ranges were −0.85 to
.55 and −1 to 0.45 V for 1 and 8 M KOH, respectively.
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Table 1
Chemical compositions measured by inductively coupled plasma (ICP) analysis for
(a)  as-prepared HNCM, (b) HNCM after 1st discharge, and (c) charged HNCM after
1st  discharge in 8 M KOH aqueous solution.
Electrodes Chemical compositions
As-prepared HxLi0.21(Ni0.32Co0.33Mn0.35)O2
1st discharge HyK0.03Li0.24(Ni0.31Co0.33Mn0.36)O2
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(c) Charged 
Layer-structured Me(OH)2 
(Me = Ni, Co, Mn) 
Acetylene black  
(b) 1st discharge 
(a) As-prepared 
PTFE 
HNCM 
Fig. 7. X-ray diffraction (XRD) patterns for (a) as-prepared HNCM, (b) HNCM after
the  ﬁrst discharge and (c) charged HNCM after the ﬁrst discharge in 8 M KOH aque-
o
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MCharged after 1st discharge HzK0.05Li0.21(Ni0.31Co0.33Mn0.36)O2
xhibited. Whereas HNCM exhibited a capacitance of 440 F g−1 at
he ﬁrst cycle in 1 M KOH, and maintained a capacitance of 360 F g−1
ven at the 100th cycle. In 8 M KOH, the HNCM exhibited a large
apacitance of 631 F g−1 at the ﬁrst cycle and maintained a large
apacitance of 378 F g−1 at the 100th cycle. For MnO2 in alka-
ine aqueous solutions, on the other hand, a large capacitance of
pproximately 800 F g−1 is obtained at the ﬁrst cycle, although only
mall capacitances of approximately 100 F g−1 are obtained after
he second cycles because of the phase change into spinel Mn3O4
17,20]. Thus the Co and Ni seem to help stabilize the structure of
NCM.
Microstructural and composition changes during the electro-
hemical measurements were analyzed by XRD measurements and
CP analyses. Fig. 7 shows the XRD patterns for (a) as-prepared
NCM, (b) HNCM after the ﬁrst discharge and (c) charged HNCM
fter the ﬁrst discharge in 8 M KOH aqueous solution. The chemical
ompositions are shown in Table 1. Diffraction peaks correspond-
ng the layer-structured metal double hydroxide Me(OH)2 (Me  = Ni,
o, Mn)  were observed after the ﬁrst discharge, and the diffrac-
ion peaks of HNCM disappeared. Then, the peaks corresponding
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o Me(OH)2 decreased after the ﬁrst charge. No spinel phase was
bserved in the XRD patterns. These results suggest that the redox
eaction occurs through reversible insertion or extraction of H+ into
r out of the metal oxide layers. The drastic phase change observed
or MnO2 was  restricted by the Ni and Co, although there may
ave been a change in restacked structure of the oxide/hydroxide
ayer. ICP measurements showed that the changes in the amounts
f Li+ and K+ were small during the charge/discharge cycles, which
ndicates that there is almost no contribution of Li+ and K+ to the
apacitance of the HNCM.
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aas  prepared by charging it at 0.45 V for 1 h then discharging 0 mAh  g−1, 70 mAh g−1,
40  mAh  g−1, and 200 mAh  g−1, respectively.
The valences of the Ni, Co and Mn  of HNCM with various oxi-
ation states were measured by investigating the X-ray absorption
ear edge structure (XANES) in order to conﬁrm the redox behav-
or of HNCM. Fig. 8 shows the normalized L-edge XANES spectra
or the (a) Ni, (b) Co, and (c) Mn  in HNCM with various oxidation
tates. When the HNCM was charged, the absorption edge of Ni
hifted to a higher energy, and Co and Mn  absorption edges also
hifted slightly to higher energies. The peaks of Ni were shifted to
igher energy than that of the standard sample for Ni3+. This sug-
ests that some of Ni was oxidized to Ni4+ after charging. Then, after
he HNCM was discharged (200 mAh  g−1), the absorption edges of
i, Co and Mn  shifted to lower energies. These shifts indicate that
ll the elements, Ni, Co, and Mn  were involved in the redox reaction
ccurring in the HNCM.
Fig. 9 shows the valences of HNCM with various oxidation states.
he valences were calculated by performing curve ﬁtting on the
ANES spectra. Note that the average valence of Ni for charged
NCM was assumed to be 4+. It has been reported for LNCM that the
i, Co and Mn  exist as Ni2+, Co3+, and Mn4+ [26–28]. The valences for
he as-prepared HNCM were almost same as these reported values.
he valence of Ni increased to Ni4+ after charging and decreased
n the ﬁrst stage of discharging. Then, the valences of Co and Mn
ecreased as the discharge progressed, although almost no current
orresponding to reduction of Co3+ was observed in the CV or dis-
harge curves, as shown above. This suggests that Co3+ is reduced
y sharing some of the electrons that Mn4+ receives in the reduction
eaction.
Koyama et al. have reported the density of states of
i(Ni1/3Co1/3Mn1/3)O2 obtained from ﬁrst-principles calculation
27]. This calculation shows that Ni, Co, and Mn  exist as Ni2+ (t2g6
g
2), Co3+ (t2g6 eg0), and Mn4+ (t2g3 eg0) in LNCM and that the high-
st occupied orbital is Ni-eg and the lowest unoccupied orbital is
n-t2g. It is assumed that protonated HNCM also has a similar den-
ity of states to that of LNCM, because the crystal structure and the
ost metal oxide layers are the same for both LNCM and HNCM.
herefore, it is assumed that the oxidation of Ni2+ to Ni3+ occurs
hen HNCM is charged by extracting electron from Ni-eg orbital.
t has been reported that Ni3+ is oxidized to Ni4+ soon after Ni2+
s oxidized to Ni3+ during charging in LNCM [38,39], because Ni3+
t2g6 eg1) are known to have Jahn–Teller distortion. The oxidation
urrent of Ni2+ to Ni4+ was not observed in CV of HNCM. Therefore,
t is assumed that Ni4+ was provided by disproportion reaction of
i3+ to Ni2+ and Ni4+ in order to avoid Jahn–Teller distortion. Dur-
ng discharging, Ni4+ will be reduced to Ni2+, after which, Mn4+ will
e reduced to Mn3+ by receiving electrons into the Mn-t2g orbital.
hese assumptions agree with the experimental results obtained in
f
t
tmic Societies 1 (2013) 71–76 75
he present study. Furthermore, it is assumed that Mn3+, which nor-
ally exists in a high-spin state (t2g3 eg1 for example, in MnOOH),
xists in a low-spin state (t2g4 eg0) in HNCM. High-spin Mn3+ is
nown to have Jahn–Teller distortion, which has a negative impact
n its electrochemical properties by causing phase changes or cycle
ecay [40–42]. The reduction of Mn4+ to Mn3+ in the low-spin state
ay  be one of the reasons for the good cycle stability of HNCM.
he tendency of avoiding Jahn–Teller distortion also agrees with
he case of Co. Co3+ exists in low-spin state (t2g6 eg0) in HNCM.
he reduction of low-spin Co3+ to Co2+ by receiving electrons into
he Co-eg orbital is unfavorable in HNCM because low-spin Co2+
t2g6 eg1) has Jahn–Teller distortion. Therefore, a charge trans-
er between Co and Mn  which produces high-spin Co2+ (t2g5 eg2)
ay  have occurred simultaneously with the Mn4+ reduction. These
eem to be the reason why almost no current corresponding to
eduction of Co3+ was  observed separately in the CV or discharge
urves.
From these results, we  propose that the reaction mecha-
ism of HNCM involves a reversible redox reaction between
1/3(Ni4+1/3Co3+1/3Mn4+1/3)O2 and (Ni2+1/3Co2+1/3Mn2+1/3)(OH)2
ccurring through reversible insertion/extraction of H+. In layer-
tructured Hx(Ni, Co, Mn)  oxide, it seems that Ni and Co contribute
o the structural stability, Co gives the material high electric con-
uctivity, and Ni and Mn  provide a large capacitance. The electrode
roperties could be improved by controlling the microstructure, for
xample, by performing microparticulation or by increasing the
omposition of Ni and Mn  within a range where good cycle sta-
ility and high electric conductivity are maintained. In summary,
ayer-structured Hx(Ni, Co, Mn)  oxides are revealed to be promising
lectrodes for electrochemical capacitors.
. Conclusions
The electrode properties of layer-structured
x(Ni1/3Co1/3Mn1/3)O2 have been reported for the ﬁrst time
o evaluate its use as an electrode in an alkaline system.
i(Ni1/3Co1/3Mn1/3)O2 was prepared using a co-precipitation
ethod, and protonated Hx(Ni1/3Co1/3Mn1/3)O2 was prepared by
eacting LNCM with an HCl aqueous solution. HNCM exhibited
ood cycle stability and good rate capability. It also exhibited
 large capacitance of 720 F g−1 (290 mAh  g−1, −1 to 0.45 V vs.
g/HgO) at a current density of 50 mA g−1 and a capacitance of
60 F g−1 even at a high current density of 1500 mA  g−1 in 8 M
OH aqueous solution. It was  revealed that HNCM is a promising
lectrode material for electrochemical capacitors because of its
ood cycle stability, good rate capability, and large capacitance
rovided by the Ni4+/Ni2+, Co3+/Co2+ and Mn4+/Mn2+ redox
eactions.
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